of issues presenting in the agriculture and food sectors. The diversity of the mechanisms of 23 action of cold plasma and the flexibility as a standalone technology or one that can integrate 24 with other technologies, provide a rich resource for driving innovative solutions. The 25 emerging understanding of the longer term role of cold plasma reactive species and follow on 26 effects across a range of systems will provide understanding of how cold plasma may be 27 optimally applied to biological systems in agricultural and food sectors. Here we present the 28 current status, emerging issues, regulatory context and opportunities with respect to the broad 29 stages of primary and secondary food production. 30 31 32 33 consumption or to turn them into other products. This includes transporting, sorting, cleaning, 70 blending, and milling. Foods may then also undergo secondary processing, where they are 71 transformed into new products." In the primary stages of food production, atmospheric 72 pressure CP has been successfully applied to inactivate a wide range of microorganisms, 73
including foodborne pathogenic bacteria and fungi, and spoilage microorganisms on grains 74 and seeds or crops intended for sowing or storage. 75
In the past 5 years, a diverse range of CP laboratory scale systems with various application 76 modes (Box 1) have been tested for surface decontamination of seeds of dill, carrot, parsley, 77 wheat, pepper corns, alfalfa, onion, radish, cress seed, chickpea, rapeseed and maize and 78 wheat grains [2] [3] [4] [5] [6] [7] . 79
The characteristics of target microorganisms play an important role in achieving successful 80 decontamination with CP technology. Higher inactivation rates are achieved for monospecies 81 surface inoculations than for seed native microflora, which presents as multispecies microbial 82 communities that are distributed on the surface as well as within internal seed structures [5] . 83
Dasan and colleagues [8] reported higher resistance of fungal spores inoculated on maize 84 grains as compared to bacterial cells, which was related to the differences in cytology, 85 morphology, reproductive cycles and growth. 86 87
Quality retention 88
Besides high antimicrobial potential, any decontamination technology including CP should 89 retain and/or improve the physicochemical and physiological properties of seeds to ensure 90 that high quality seeds are provided for growers and consumers. However, in recent 91 investigations, this combination of achieving maximal microbial reductions and significant 92 improvements in seed quality parameters has not always been studied or demonstrated in 93 tandem. Unfortunately, increases in treatment duration and/or input power required to obtain 94 the highest antimicrobial efficiency (Box 2) results in inhibiting germination and the growth 95 potential of seeds [5] [6] [7] 9] . The potential of CP technology to improve physicochemical 96 (hydrophobicity, wettability, moisture content, enzymatic activity, protein concentration, 97 chlorophyll, nitrogen and soluble phenol content) and physiological (germination, growth, 98 vigour, fresh weight and overall yield) parameters of various seeds during different plant 99 formation stages has been demonstrated in a number of studies that do not focus on the 100 microbiological safety aspects of seeds. Importantly, for achieving enhanced seed growth 101 parameters, the plasma chemical composition and treatment dose (in terms of the working gas, power input and treatment time) should be adequately selected, controlled and evaluated 103 with respect to each individual type of seed intended for treatment. 104
The duration of treatment is one of the most important plasma treatment parameters 105 investigated to date and, depending on the system design and voltage levels used for 106 generation of plasma, it may vary widely (5 s -30 min). In most of the cases, shorter 107 treatment durations can significantly improve seed growth parameters, while extended 108 treatments may have inhibitive effects on seeds [9] [10] [11] [12] [13] . 109
The response of seeds to plasma treatment was shown to depend on plasma gas composition: 110 apparent (wheat) seed growth inhibition symptoms occurred in samples exposed to nitrogen 111 plasma than in samples exposed to helium plasma, attributed to the higher NO content [14] . 112
Stimulatory effects of plasma treatment on germination and seedling growth characteristics of 113 soybean and wheat vary with different CP treatment power levels [15, 16] . Another important 114 parameter that needs to be considered is the type of seed, since different seeds may respond 115 differently to plasma treatment [17] [18] [19] . Moreover, differences in response to plasma 116 treatment may occur among different cultivars within one plant taxon [11] . A positive effect 117 of plasma treated water (PTW) and combination of treatment with plasma processed air 118 and PTW on plant germination rates and seedling growth have been reported, however, the 119 duration of plasma treatment has to be optimized for each type of seed individually 120 [19, 21, 22] . 121
The interactions between plasma and growing plants may be complex, so the question 122 remains whether long-term positive treatment effects could be also achieved, and if these 123 relate predominantly to the manipulation of the plant micro-flora, plant biochemical 124 responses or the plant growth medium. 125
The potential applications of CP have been demonstrated for insect control in stored products. 136
El-aziz et al. [23] and Mohammadi et al. [24] demonstrated that CP treatment resulted in 137 significant increases in larval and pupal mortality and a decrease in adult emergence due to 138 the stress caused by the action of reactive oxygen species generated during the treatment. 139
Mycotoxin degradation 140
Due to its high oxidizing potential, CP technology has been successfully utilized for 141 degradation of mycotoxins that can contaminate seeds, grains or crops, thereby posing high 142 risks to human and animal health. However, the food matrix and the type of mycotoxin can 143 influence the efficacy of plasma [25] . Shi and colleagues [26] demonstrated that applying 144 higher levels of relative humidity with a modified gas with high oxygen content and post-145 treatment storage could improve the efficacy of CP for the reduction of mycotoxins on seeds. 146
Applications of CP for pesticide degradation have been demonstrated for a number of 147 different organochlorine and organophosphorus pesticide compounds and on various 148
substrates. CP can furthermore be utilised for air pollution control and soil remediation (Box 149
3). 150 151
Secondary production 152
The application of plasma treatment at secondary stages of food production can serve a range 153 of different purposes, such as improvement of food safety, extension of shelf-life, 154 maintaining quality and nutrition or improving processing. Of importance is the compatibility 155 of such technology with current practices, including the interaction with gases and packaging 156 being used. Cold plasma interactions with food packaging materials were recently 157 comprehensively presented by Pankaj and colleagues [27] . 158
Decontamination for shelf-life extension 159
The globalization of the food market with increasing distances between the point of 160 production/processing and consumption along with mounting pressure to reduce food waste 161 and improve sustainability are driving forces behind efforts toward shelf-life extension in 162 particular for fresh produce and meat products. Due to its ability to inactivate 163 microorganisms, CP can delay food spoilage resulting from bacterial and fungal growth. The food matrix and surface structure have strong influence on the efficacy of plasma based 170 microbial decontamination. Cells in a liquid carrier were found to be more resistant to plasma 171 inactivation than those on a solid like surfaces due to the need for reactive species to diffuse 172 into the liquid [33] . Internalization of bacteria and bacterial biofilms in cracks, crevasses or 173 structures such as plant leaf stomata can protect microorganisms against plasma-based 174 inactivation [34]. The food structure hence needs to be taken into account in designing 175 plasma treatments for food products to ensure efficacy and safety. Food intrinsic factors such 176 as osmolarity and pH also affect the efficacy of plasma treatment as they can result in stress 177 hardening of bacteria, making them more resistant [35] , while lipid and protein content and 178 antioxidant state can diminish the activity of plasma reactive species. 179
Food quality 180
Few studies have addressed the organoleptic acceptability of plasma-treated food products, 181
and those that have are primarily focused on the impact of plasma on visual appearance and 182 colour in particular. One of the few studies that included product consumption found no 183 difference in sensory acceptability, namely appearance, colour, flavour, taste and texture, of 184 dried squid shreds treated with corona discharge for microbial decontamination despite 185 decreases in water content and increased lipid peroxidation [36] . A sensory evaluation of 186 colour, freshness, firmness and texture of treated radicchio found no difference directly after 187 treatment but scored the treated product at 2/10 in terms of overall acceptability after 1 and 3 188 days of storage [37] . Plasma treatment of pork meat was found to result in lighter meat colour 189 but also greening possibly due to the reaction of myoglobin with plasma generated H2O2 [38] . 190
The generation of ROS such as ozone could lead to a bleaching of produce colour and 191 negatively impact the visual appearance. Fresh produce including tomatoes, carrots, and 192 lettuce showed small but insignificant colour changes when exposed to plasma treatment [39] In view of the generation of substantial concentrations of nitrite and/or nitrate in plasma-233 treated solutions, which can reach the mM range depending on plasma device and treatment 234 parameters [56], the potential accumulation of nitrogen compounds in food products needs to for the curing of sausages [57] . Nitrite and nitrate concentrations should be monitored in 237 foods, subjected to either direct plasma-treatment or washing with plasma-activated water, to 238 ensure acceptable levels and also to avoid a critical build-up in processing effluent, which 239 could be of environmental concern. The concentrations generated in plasma treated water can 240 in fact exceed WHO outlined safety guidelines for drinking water of 50mg/l nitrate and 3mg/l 241 nitrite by more than an order of magnitude. 242
A study on the oral toxicity of plasma-treated edible film coatings conducted in rats found 243 very low toxicity and concluded that the plasma treatment had not generated harmful 244 compounds in the films [58] . 245
Allergen control 246
Food allergies affect approximately 10% of world population; the 'Big 8' food protein 247 sources that trigger allergic reactions are milk, eggs, fish, crustacean/shellfish, treenuts, 248 peanuts, wheat, and soy. The only prevention option available is total avoidance of the food 249 allergen, with individually variable threshold doses. Meinlschmidt and colleagues [59] 250 compared non-thermal technologies for allergen control of soybean and found that maximal 251 efficacy for reduction of soybean protein fraction immuno-reactivity was achieved with direct 252 CP exposure, but that reductions up to 89% were also achieved using indirect exposure. Segat 253
and colleagues [60] demonstrated that direct CP can unfold whey protein molecules and 254 change its 3-D structures. These recent studies illustrate the potential for CP as a tool to 255 reduce immunoreactivity of food allergens in foodstuffs and processing environments, and 256 may be particularly suitable for those allergens that prove recalcitrant to standard processing 257 due to their thermostability. 258 259
Regulatory aspects 260
There is a diversity of global regulatory approaches and processes for applying new 261 technologies to foodstuffs; pertinent details from US and EU jurisdictions only are presented 262 here. In the United States, approval for a new technology such as atmospheric cold plasma 263 potentially has to receive review and primary approval from three federal agencies: between these agencies allow sharing information and internal communications in the review 267 of new technology reviews for food and food packaging. The US EPA currently has primary 268 regulatory authority for approval of any antimicrobial under the Federal Insecticide, and-rodenticide-act-fifra-and-federal-facilities). Before the US EPA approves (registers) a 271 pesticide under FIFRA, the applicant must show efficacy under conditions of use and, among 272 other things, that using the pesticide according to specifications "will not generally cause 273 unreasonable adverse effects on the environment'' (www.epa.gov/enforcement/federal-274 insecticide-fungicide-and-rodenticide-act-fifra-and-federal-facilities). In the context of 275 applying atmospheric cold plasma in agriculture or food processing this would at a minimum 276 require evidence (i.e., scientific data) that the process delivers a consistent treatment for the 277 most extreme process conditions likely to be encountered without creating any unreasonable 278 risk to man or the environment, taking into account the economic, social, and environmental 279 costs and benefits of the use of any pesticide, or a human dietary risk from residues that result 280 from a use of a pesticide in or on any food inconsistent with the standard under section 408 of 281 the Federal Food, Drug, and Cosmetic Act.'' (www.epa.gov/enforcement/federal-insecticide-282 fungicide-and-rodenticide-act-fifra-and-federal-facilities). A case study outlining regulatory 283 considerations for approval of a cold plasma process for spoilage prevention of wheat is 284 presented in Box 4. 285
Historically, the FDA evaluated new technologies as having a direct or indirect impact on the 286 food or package and referred to these as a "food additive". The FDA defines a "food additive" 287 as any substance used in producing, processing, treating, packaging, transporting, or storing 288 food, including ionizing radiation. For new technology this occurs under the Premarket 289
Approval for Food Contact Substance (FCS) and is referred to as the Food Contact 290 Notification (FCN) Program. An applicant will submit a FCN request to FDA for a food 291 contact substance (FCS). Atmospheric cold plasma technology used for treatment of food or 292 food packages would be regulated under the US EPA as a pesticide and then US FDA as a 293 FCS (www.fda.gov/Food/IngredientsPackagingLabeling/PackagingFCS/ucm064161.htm.). 294
Additionally, any use of Atmospheric Cold Plasma in meat, poultry or eggs must get approval 295 from the US Department of Agriculture's Food Safety Inspection Service (USDA-FSIS) 296 which has responsibility for approval of any technology, food additive, and its condition of 297 use in meat, poultry and egg products before it can be used in a USDA-FSIS inspected plant. 298
The European Commission's Food Safety approval for new technology is detailed in the 299 MEMO-15-5875 (http://europa.eu/rapid/press-release_MEMO-15-5875_en.htm). Novel food 300 will only be approved for use in the EU if they do not present a risk to public health, are not 301 nutritionally disadvantageous when replacing a similar food and are not misleading to the 302 consumer. A first step requires a "scientific assessment prior to authorisation to ensure their PROmoting METHods for Evidence Use in Scientific assessments (PROMETHEUS). The 305 EFSA convenes an expert scientific panel, collects relevant information and then develops an 306 expert report on the benefits and risks of the technology resulting from a "Novel Food" 307 designation. Those novel food applications that receive "Authorisation" can then be sold in 308 the EU. The "Authorisation" sets out the conditions for the novel food use, their designation 309 as a food/food ingredient and labeling requirements 310 (http://onlinelibrary.wiley.com/store/10.2903/j.efsa.2017.4737/asset/efs24737.pdf?v=1&t=j5 311 qe9gpf&s=88c071a4bbcb331ed669e20cfe08557a0509374b). 312
In the last five years (2012 and 2016) a total of 40 novel food ingredient approvals were 313 made, but only four of these involved new technology: UV [technology] treatment of 314 mushrooms, bread, Baker's yeast, and milk. Currently, uncertainty remains in the EC 315 regulatory approval process for cold plasma technologies due to the lack of definition within 316 the evaluation criteria (e.g., "risk to public health", "nutritionally disadvantageous" and "not 317 misleading to the consumer"). 318 319
Concluding remarks 320
Overall, recent research demonstrates that it is possible to harness the efficiency of plasma 321 technology for different applications within different stages of food production by optimizing 322 system design for enhancement of microbiological, physiological and chemical quality 323 characteristics of different types of foods. Excitingly, the modification of chemical structures 324 within foods has been demonstrated and provides an avenue for adding value to byproducts 325 waste streams, discovery of functional properties of foods as well as safety in terms of 326 reducing immunoreactivity. There is a need to fully assess the benefits and risks of 327 standalone cold plasma unit processes or their integration as a processing chain, and what the 328 economic, ecological and consumer benefits and acceptability are (see Outstanding 329
Questions). Within primary food production, more research is required to address long-term 330 and multi-generation effects of plasma on seeds and plant growth to produce sustainable 331 foods. The increasing knowledge of the ongoing cold plasma mediated effects within 332 biological systems that has emerged from plasma medicine research, has relevance to plant 333 tissues, insects and cells which are also living systems. This exposes the need to understand 334 the biochemical interactions in detail in each whole system to determine and control the 335 optimum plasma process designs for agriculture and food. 336
Plasma modes and applications for food production 339
Cold plasma (CP) technology finds applications during different stages of agricultural food 340 production. Depending on the product or point of application, plasma treatment may be: 341
• Direct CP, applied to food products in bulk and integrated into the food-processing 342 stream has been proposed for a conveyor belt system [61] . 343
•
Indirect CP through application of plasma-activated water (PTW) in the form of 344 washes, sprays or mists, can be used for decontamination of fresh produce or processing 345 equipment where liquid disinfectants are currently employed [62] [63] [64] . 346
In-package CP discharge generated inside a sealed food package provides 347 decontamination through the action of reactive species over an extended time period and 348 mitigates against recontamination [65, 66] . This is particularly beneficial for ready-to-eat 349 foods or may be combined with modified atmosphere packaging for meat or fish products. If cold plasma is considered a food process, it is important to consider the key risks and how 387 processing parameters interact with those risks to arrive at a risk appropriate intervention. To 388 date, key plasma processing variables responsible for efficient inactivation of these 389 microorganisms with 'dry' cold plasma systems have included voltage level, AC waveform 390 frequency, frequency of treatment, treatment time, species retention post treatment and 391 working gas composition. Generally, longer treatment duration, higher frequency and voltage 392 levels can significantly increase antibacterial properties of treatment. The size and the 393 geometry of plasma system is also among essential treatment parameters, influencing the 394 decontamination efficiency of resulting plasma discharge and should be considered in 395 optimization studies with respect to different products for successful integration of this 396 technology in food production lines. For example, a large volume treatment chamber may 397 reduce the total density of plasma reactive species and the probability of collision of these 398 reactive species with inoculated produce, thereby impacting antimicrobial efficacy. As for 399 any surface decontamination technology, the microbiological target, produce surface 400 complexity, geometries and surface area are the main restricting factors limiting CP microbial 401 inactivation process. In addition, disinfection can become less effective against bacterial 402 biofilms associated with rough surfaces of produce and against bacterial cells internalised in 403 produce tissue. 404
Pesticide degradation and agricultural environmental remediation 407
Cold plasma can degrade pesticide residues for a number of different organochlorine and 408 organophosphorus pesticide compounds and on various substrates. Key to the degradation 409 process is the multitude of reactive species in the plasma discharge including H2O2, O3, O, H, 410
OH radicals, which can be employed for an advanced oxidation process. Pesticide residues in 411 water and on strawberries were significantly reduced by high voltage in-package Dielectric 412 barrier discharge (DBD) discharge after 5-8 min of treatment [73, 74] . Analysis of plasma-413 treated samples suggested the generation of degradation products with simpler chemical 414 groups and lower toxicity than the parent compound. Thus, cold plasma treatment of 415 agrochemicals on food surfaces offers potential for zero-residue clean labels and reduced 416 consumer risk. 417
With regard to air pollution control, Ye and colleagues [75] successfully utilized continuous 418 direct-current corona discharge plasma for disinfection of air contaminated with Penicillium, 419
suggesting that this technology is a promising technique to control postharvest mold rots 420 during cold storage or to prevent contamination of a controlled growth environment. This 421 offers great potential for safety and sustainability in intensive fresh food production where 422 pesticide alternatives are sought, but where cross contamination is easy with enormous cost 423 implications. 424 CP technology has drawn increasing attention for soil remediation contaminated with organic 425 compounds generated from industrial waste emission, agricultural production and 426 atmospheric deposition [76] . The soil remediation from non-aqueous phase organic liquids 427 (NAPLs) (the main contaminants of soil and groundwater environment) is a challenge since 428 they tend to sink in groundwater systems, with complex dispersal and plume patterns. 
Regulatory aspects: Cold Plasma control of wheat spoilage 441
The process of getting regulatory review and approval in the United States for a new 442 technology is process specific and claim dependent. For example, if one applied for approval 443 of a new dielectric barrier discharge (DBD) direct plasma treatment for whole wheat grain 444 with the claim of spoilage reduction; initial pre-paperwork regulatory meetings are needed to 445 define the specific experimentation, data analysis and post-data analysis protocols required. 446
For cereal grains such as wheat, regulatory oversight resides with USDA-FGIS 447 (https://www.gipsa.usda.gov/fgis/fgis.aspx). However, they do not provide a safety opinion 448 or effectiveness evaluation of a new technology. This is the task of the US EPA (treatment 449 efficacy) and US FDA (product labeling and residue determination). Thus, the initial 450 meeting for this new DBD technology use in wheat requires discussion amongst three 451
agencies to determine what data each needs to adequately inform their regulatory decisions 452 and ultimately approval of the process. Based on the intended benefit(s) being claimed and 453 the evaluations completed by US EPA and US FDA, FGIS may allow approval with no 454 declaration or may require labeling of the finished product receiving the plasma treatment 455 (depending on FDA findings regarding residues or whether the process is classified to result 456 in an indirect food additive). Also, if there are measureable deleterious effects on the grain 457 performance, the agencies may decide to place strict limits on its conditions of use and 458 require specific certification or residue testing. US EPA has regulatory authority for efficacy 459 of treatment process and assessment of any environmental impact resulting from the 460 technology. The FDA has the responsibility to determine if the treatment process results in 461 any potential changes to the food and if so, whether these changes are substantive and need to 462 be labeled. Examples of the types of data needed for regulatory evaluation include controlled 463 studies on efficacy for the most difficult product to treat while achieving the targeted efficacy 464 with corresponding quality, chemical, and sensory changes. Additionally, if the claims result 465 in an improved nutrition, enhanced safety (e.g., pasteurization or sterilization), or other 466 marketable benefits, then additional studies and additional regulatory data are required. Applying CP or plasma activated liquids to the agriculture and food continuum has the 682 potential to increase food safety and quality through non-thermal pasteurization or 683 sterilization of food at harvest, post-harvest or processing stages. This can reduce food 684 waste; efficiently degrade pesticides and mycotoxins as well as inactivate pests. Cold plasma 685 processes may be used to generate nitrate rich substrates, thereby increasing seeds 686 germination and yield. Biofilms: Biofilms are 3D communities of sessile microorganisms either in mono or mixed 699 populations, which provide protection to microbial contaminants against antimicrobial or 700 decontamination treatments. 701
Cold plasma (CP): is commonly referred to as the fourth state of matter where increases in a 702 material energy levels converts its state from solid to liquid to gas and ultimately to an 703 ionized state of the gas, "plasma", which exhibits unique properties. Cold plasma (CP) is 704 comprised of several excited atomic, molecular, ionic, and radical species, co-existing with 705 numerous reactive species, including electrons, positive and negative ions, free radicals, gas 706 atoms, molecules in the ground or excited state and quanta of electromagnetic radiation (UV 707 photons and visible light). Depending on the generation conditions, plasma can be classified 708 into low-, atmospheric-or high-pressure and also subdivided into thermal and non-thermal 709 (i.e. cold) plasmas. Thermal plasma can be generated by heating the gas to high temperatures, 710 which may exceed several thousands of Kelvins, where all the constituent chemical species 1  Can plasma treatment achieve commercial sterility with regards to biological, 2 chemical and allergenic contaminants and result in 'zero residue' products? In the 3 context of 'clean labels' this would provide market advantage and a potential route to 4 consumer acceptance. 5  Importantly, in terms of antimicrobial resistance or pesticide resistance -key issues in 6 agriculture and food production -can cold plasma treatment exert long-term selective 7 pressure for resistant microorganisms and pests? 8  Can cold plasma treatment lead to increased horizontal gene transfer in the existing 9 microflora? 10  In terms of multi-species contaminants and microbial ecologies, will cold plasma 11 treatment enhance or decrease the safety or shelf-life profile? 
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